In this study, occurrence of adiabatic shear bands in AISI 4340 steel under high velocity impact loads is investigated using finite element analysis and experimental tests. The cylindrical steel specimen subjected to impact load was divided into different sections separated by nodes using finite element method in ABAQUS environment with boundary conditions specified. The material properties were assumed to be lower at the section where the adiabatic shear bands are expected to initialize. The finite element model was used to determine the maximum flow stress, the strain hardening, the thermal softening, and the critical strain for the formation of adiabatic shear bands. Experimental results show that deformed bands were formed at low strain rates and there was a minimum strain rate required for formation of transformed band in the alloy. The experimental results also show that cracks were initiated and propagated along transformed bands leading to fragmentation under the impact loading. The susceptibility of the adiabatic shear bands to cracking was markedly influenced by strain-rates. The simulation results obtained were compared with experimental results obtained for the AISI 4340 steel under high strain-rate loading in compression using split impact Hopkinson bars. A good agreement between the experimental and simulation results was obtained.
Introduction
During impact loading, heat is generated as a result of the conversion of kinetic energy of the projectile to heat energy during deformation. The heat generated leads to thermal softening which occurs simultaneously with strain hardening as the deformation process continues. The strain eventually becomes localized along narrow bands due to intense localized adiabatic heating and the associated thermal softening and loss of load carrying capability along these narrow bands. These narrow bands of intensely localized strains are referred to as adiabatic shear bands (ASBs). As a result of severe plastic deformation occurring along ASBs, these bands consist of intensely distorted grains or fragmented grains in metallic materials exposed to high strain-rate deformation [1] . The occurrence of adiabatic shear bands has been reported in metallic materials subjected to high strain loading in compression and in torsion. Adiabatic shear banding has been reported to precede fragmentation and failure of components subjected dynamic shock loading [2] [3] [4] [5] . Strain localization leading to formation of adiabatic shear bands is not only peculiar to metallic materials. This phenomenon has also been observed in ceramic materials [6, 7] and polymeric materials [7, 8] after exposure to dynamic shock loading.
During high strain-rate deformation, tensile stresses are generated inside shear bands as a result of the lower flow stress inside the adiabatic shear bands compared to the outside. Figure 1 illustrates the microstructural evolution leading to formation of cracks within an adiabatic shear band. The tensile stresses generated inside the shear bands eventually become sufficiently high enough to open up micro-pores which coalesce to form voids that elongate and rotate to form elliptical shapes with major axis along the shear bands propagation path. These elliptical voids are finally connected, initiating cracks which propagate along the shear band leading ultimately to fracture. An adequate understanding of ASB formation in materials is very critical to mechanical design for components used in many practical applications involving rapid and severe deformation such as explosive loading [10] [11] [12] , high speed machining [5, 13] , metal forging, and ballistic or high velocity impact [14] .
The adiabatic shear bands consisting of severely distorted grains are called deformed bands while those consisting of nano-size subgrains are called transformed or white etching bands. Although deformed bands are commonly associated with non-ferrous alloys while transformed bands are suggested to predominantly form in ferrous alloys, the type of bands that will develop in an alloy at high strain rates depend on the composition, heat treatment condition and severity of loading. For example an oil quenched high strength low alloy steel tempered at 600˚C formed deformed bands under high velocity impact while the same steel formed transformed bands under similar loading condition when tempered at 300 or 400˚C [1] . Transformed bands are also called white etching bands because of their white colour under an optical microscope after etching with nitial. As a result of their extremely fine microstructure, transformed bands are known to be harder and more brittle than the bulk material [1] . The microstructure inside transformed bands cannot be resolved under optical or scanning electron microscope. However, observations of transformed adiabatic shear bands using transmission electron microscope in many materials indicate that they consist of very fine grains of submicron size [14] .
The formation of ASBs has been explained using theories such as phase transformation dynamic recrystallization, dynamic recovery, and progressive sub-grain misorientation [15] [16] [17] [18] [19] . During adiabatic heating, the rise in temperature which occurs in the ASBs is suggested to be high enough to cause transformation to austenite along the adiabatically heated path. Rapid quenching by the surrounding matrix is reported to cause the transformation of the austenite to untempered marten site. However, based on the relatively short space of time within which the high strain rate deformation occurs, it is doubtful if the phase transformation to untempered martensite is possible in transformed bands [16] . The formation of ultrafine-grained transformed bands in steel has also been explained using dynamic recovery mechanism [17] . The final stage of the recovery process involves spheriodization of the fragmented grains resulting in formation a shear band having densely packed fine subgrains. Considering the deformation time during which the transformed bands are formed, static recrystallization is inadequate to explain the formation of fine equi-axed grains in transformed bands [18] . Dynamic recrystallization mechanism has been used to explain the formation of transformed bands in metallic alloys. Dynamic recrystallization has been observed to occur in four stages [19] : 1) multiplication of dislocations which are dispersed randomly; 2) arrangement of dislocations in the form of elongated dislocation cells; 3) generation of sub-grains by dislocating patterning as deformation progresses; and 4) break down of sub-grains into equi-axed submicron size grains and grain rotation.
The prevalent models for explaining the occurrence of ASBs in metallic alloys include the Zerilli and Armstrong model [20] , the Johnson Cook model [21] , and Clifton model [22] . The Zerilli and Armstrong model is a dislocation pile up model where the blocking of dislocation on a slip plane by obstacles leads to extensive strain causing the formation of bands. This model uses dislocation mechanics concept to develop flow stress method in accounting for strain rate, strain, and temperature during dynamic impact loading. The Johnson Cook model is a well-accepted and numerically robust model which is based on a strain at fracture criteria. The slope of the flow stress curve is independently affected by strain hardening, strain rate sensitivity and thermal softening behaviors in the Johnson Cook model.
In this paper, finite element modeling of the formation of ASBs in AISI 4340 steel is performed using the Johnson Cook model. The effect of microstructural defect and striker bar velocity on the formation of adiabatic shear bands in AISI 4340 is also determined. The characteristics of adiabatic shear bands observed in the impacted steel alloy were investigated in relation to the pre-impact microstructure of the steel specimens.
Material System and Experimental Method
The material investigated in this study is AISI 4340 alloy steel containing 0.40% C and varying degrees of alloying additions. AISI 4340 steel is one of the most popular high-strength low alloy (HSLA) steels which are commonly used in high strength applications such as in the automotive industry, pressure vessels, and gas pipelines. It has considerable amounts of alloying additions such as manganese (Mn), chromium (Cr), nickel (Ni), and molybdenum (Mo). Mn, Cr, Ni and Mo in steels increase the steel hardenability. Moreover, Cr and Mo form carbides which consequently increase matrix strength while Mn helps in refining the grain size. Knowledge of the formation and failure of adiabatic shear bands inside 4340 steel under dynamic shock loading is a leading point for a fundamental understanding of high strain rate behavior of this alloy. Cylindrical specimen of the alloy with dimensions shown in Figure 2 were subjected to dynamic impact loading using Split Hopkinson Pressure Bar (SHPB) shown schematically in Figure 3 . The striker bar strikes the incident bar at a high impact velocity, generating elastic waves which travel through the specimen to the transmitter bar. The incident, reflected, and transmitted elastic wave signals were captured by strain gages attached to the incident and transmitter bars. The captured strain waves were conditioned and amplified by the pre-amplifiers. The amplified strain pulse data were recorded using a 4 channel digital oscilloscope. The captured elastic wave data in volt are converted to load value using a conversion factor obtained from an initial calibration of the equipment. The calibration is usually verified periodically in order to ensure that changes in mechanical and electronic components do not affect the calibration factor of the Hopkinson bars. The calibration process is explained in details elsewhere [23] . The conversion from voltage data to force, strain and strain rate values is based on the elastic wave theory. The deformed specimen that had been subjected to dynamic loading was subjected to metallographic preparation using 0.2% nital as the etching reagent and observed under optical and scanning electron microscope.
Constitutive Model
Adiabatic shear bands are formed by localized plastic deformation that depends on the strain rate. Thus for adequate modeling of the formation of ASBs, a rate-dependent constitutive model must be used [5] . The Johnson Cook model [21] relates the three mechanisms that are responsible for the development of ASBs in materials that experience dynamic loading (i.e., work hardening, strain rate hardening, and thermal softening). The main advantage of this model is that it is relatively easy to calibrate with minimum of experimental data in the form of stress-strain curves at different strain rates and temperatures [24] . The Johnson Cook model assumes that the slope of the flow stress curve is independently affected by strain hardening, strain rate sensitivity, and thermal softening behaviors and is given as:
where room melt room
Equations (1) and (2), eq  is the equivalent flow stress, T * is the homologous temperature, T melt is the melting temperature of the material and T room is the room temperature. The equivalent plastic strain is represented by P  , strain rate by P  and the user defined reference accumulative plastic strain rate as po  . The constant parameter terms A, B, C, n, and m are fitted to the data obtained by several tests conducted at low strains and strain rates and at room temperature in a SHPB test [25] . These tests can be conducted at temperatures up to 600˚C and strain rates up to 5000 s -1
. Table 1 shows the Johnson Cook model parameters for AISI 4340 steel from [26] that were used in the simulation.
Finite Element Modeling and Simulation
The Johnson Cook constitutive model described in Section 3 is utilized in ABAQUS 6.10 finite element software to model the formation of ASBs in AISI 4340 steel. The cylindrical steel specimen shown in Figure 2 is subjected to compressive force in the form of an impact velocity which is a function of the strain rate. In order to model the initiation and growth of ASBs, the cylindrical specimen was divided into three sections i.e. I, II and III as shown in Figure 4 . Section II refers to the regions where the possibility of formation of shear bands is high based on experimental observation. The initial yield strength (A) and strain hardening factor (B) for Section III were 60% of the values defined for Sections I and III. This is based on the fact that material flaws such as micro structural defects, known as initial perturbation, result into failure of materials [27] . The parametric solutions for the initiation of ASBs have shown that the total effective perturbation of the materials tested is obtained by summing the strength, temperature and wall thickness components [28] . The critical strain at which the stress collapse occurs also depends logarithmically on the value of the initial perturbation [29] . Also previous research has shown that differences in properties and microstructure cause adiabatic shear bands to form in a material [30] . Local defects and inhomogeneities inside the material act as preferential sites for shear band initiation. Thus, the difference in material properties in the three sections of the cylindrical steel sample used for this study is modeled as a material defect. A 3-dimensional modeling space of deformable type was used in constructing the model in ABAQUS. The material properties corresponding to the different sections making up the cylindrical specimen are stated in Table 2 .
An accumulative plastic strain rate of 1677 s -1 for AISI 4340 steel was used during simulation as the rate at which compressive loading was applied to test specimen and the Poisson ratio of the specimen is 0.33. Impact load was initially applied in the form of a projectile weighing 1.905 kg and moving at a velocity of 17 m/s. The simulation was performed using ABAQUS explicit solver based on the dynamic form of the compressive load. The explicit dynamics procedure performs a large number of small time increment iterations efficiently and hence suitable for the simulation. A stress-free state was defined as the initial condition since the deformation is to be accounted for from the initial point of impact and dynamic explicit step was utilized during simulation. The bottom boundary of the finite element network was fixed since its cross-section is a symmetric plane during deformation. Sections I & III were discretized using a global seed size of 1.1 while Section II was discretized using a global seed size of 0.6. The difference in the discretization of the parts is based on the fact that understanding of stress distribution in Section II is of great importance in this study.
Results and Discussion
Simulation results show strain localization in the steel specimen in Section II and this shows that ASB is more likely to initiate in Section II. This observation can be justified based on the fact that lower yield strength was declared for Section II. The result of this simulation shows that material defect such as impurity or inhomogeneity could contribute to the growth of an adiabatic shear band in a specimen which is under compressive load. This observation further confirms previous results in literature showing the effect of material inhomogeneity on the failure of materials under dynamic loads [2] . For the simulation performed at an impact velocity of 17 m/s, it was observed that the maximum flow stress in the localized Section II is 1563 MPa (see Figure 5(a) ). The path of maximum flow stress of 1563 MPa has a thickness of about 600 µm and is the region where the probability for formation of adiabatic shear band is highest. Experimental result in Figure 5(a) shows that the maximum flow stress which is experienced in the steel specimen when it is impacted at a velocity of 17 m/s was 1620 MPa. The percentage deviation of the simulation results from the experimental result being about 3.64%. Considering the influence of dispersion of shear waves in the split Hopkinson pressure bar and slip effect during experiment, the difference between the maximum flow stresses obtained from the simulation and experimental results can be justified. The influence of impact velocity on the initiation and growth of ASBs was also studied in this work. Figure 5 , it can be seen that at the beginning of the stress vs. strain curves, strain hardening dominates the plastic deformation until a maximum flow stress is reached. After the maximum flow stress, thermal softening dominates the deformation process. The rapid stress collapse as a result of mechanical instability is due to intense adiabatic heating along the narrow path that leads to strain localization. The strain corresponding to this stress collapse is the critical strain for the occurrence of the adiabatic shear band. Figure 5 also shows that as the impact velocity increases, the critical strain and time at which thermo-mechanical instability occurs also increases. It has also been observed that as the impact velocity or strain rate increases, maximum flow stress increases. Lee and Lin [31] suggested that as the strain rate increases, the stress increases at any specific strain. Figure 6 shows the optical and scanning electron micrographs of the original AISI 4340 steel after the heat treatment procedure before impact test. Secondary electrons under an accelerated voltage of 20 kV were used in the scanning electron microscopy. The AISI 4340 steel austenitized at 850˚C, oil-quenched, and tempered at 315˚C consists of martensitic plates and retained austenite. Figure 7 shows the optical micrograph of AISI 4340 steel that was impacted at 17 m/s. It is evident from the figure that adiabatic shear band is formed along the marked curve pathon the transverse cross section of the cylindrical specimens of the AISI 4340 steel. The alloying elements such as Mo, Cr, Ni, and Mn in the steel sample also increase the tendency for the formation of carbide particles in the steel material which may also act as initial perturbations and thus increase the susceptibility of the steel materials to shear localization. Figure 8 shows the optical micrograph of a crack along the transformed adiabatic shear bands for the steel after the impact at 19 m/s. It is observed that failure and fracture occur along the transformed band. Both ductile and cleavage fracture on the fracture surface of the bulk material for AISI 4340 steel specimens have been reported in literature [12] . Figure 9 shows the optical macrographs of fractured cylindrical AISI 4340 steel specimens. This picture was taken using a stereomicroscope. The specimen eventually fragments into two symmetrical parts, as shown in Figure 9 .
Conclusion
Experiments have been conducted to determine the initiation and growth of adiabatic shear bands in steel materials that undergo dynamic impact loads. Finite element simulation of the cylindrical specimen of AISI 4340 steel sample was performed using Abaqus 6.10. Results show that region of lower yield strength and strain hardening factor experienced more strain localization and hence higher possibility of failure. Hence, an adiabatic shear band can initiate and grow due to material defect. Simulation was also performed at different impact velocities in order to determine the influence of varying impact velocity on the growth of adiabatic shear band. Simulation results show that at the beginning of the stress vs. strain curve, strain hardening dominates the plastic deformation until a maximum flow stress is reached. After the maximum flow stress, thermal softening dominates the deformation process. The rapid stress collapse as a result of mechanical instability is due to intense adiabatic heating along the narrow path that leads to strain localization which was also observed in the experimental results. Cracks were initiated and propagated along transformed bands leading to fragmentation under the impact load. The susceptibility of the adiabatic shear bands to cracking is markedly influenced by strain rates.
